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Abstract
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The aims of this study were to determine the structural effects of both the
hydrocarbon chain structure of the sorbitan surfactants and of the oil phase
hydrocarbon on the interfacial behaviour of these surfactants.
The effect of molecular structure of surface-active agents on the interfacial
phenomena in emulsions and other pharmaceuticals is an area of current interest.
Many important processes and products are based on the fundamental interactions
occurring in this interfacial area. For example, the stability of particle dispersions,
emulsions, and a number of other pharmaceutical product forms depend on the
stability of the interfacial films within these systems.
In this study, the interfacial behaviour of sorbitan surfactants with different
alkyl chain structures (sorbitan monolaurate, Span 20, sorbitan monopalmitate, Span
40, sorbitan monostearate, Span 60, and sorbitan monooleate, Span 80) at liquid-air,
liquid-liquid, and solid-air interfaces was evaluated. Seven different straight-chained
alkanes from pentane to dodecane were tested as an oil phase during the oil-water
measurements. Water-air measurements were carried out with a Langmuir-Blodgett
instrument with a platinum Wilhelmy plate, water-oil measurements with Du Noüy
ring method, and solid-air measurements with ellipsometry. The bulk surfactants were
analysed with x-ray powder diffractometry (XRD) and differential scanning
calorimetry (DSC). The effect of temperature was evaluated both on the bulk material
by XRD (2-57°C) and DSC (22-60°C) analysis, and on the monolayers at water-air
interface (22-42°C).
Both the lengthening of the hydrocarbon chain of the sorbitan surfactant and
the structure of the hydrocarbon chain in oil phase had marked effects on the
interfacial properties. The Span 60 monolayers, the surfactant with the longest
hydrocarbon chain, formed the most stabile and condensed monolayers. The
shortening of the hydrocarbon chain, the presence of double bond in the hydrocarbon
chain, and the increase in temperature caused more expanded monolayers, and at the
same time the crystallinity of the surfactants was lowered.
As the molecular weight of the hydrocarbon in the oil phase was increased, the
molecular area was decreased, the interfacial tension was increased, the surface
pressure at cmc was lowered, the free energy of adsorption was less negative, and the
formation of micelles from the adsorbed surfactant molecules was more hindered.
It was obvious that the Span 60 monolayers were the most stabile and
condensed at both the room and body temperatures, and also in the liquid-air, liquid-
liquid and solid-air interfaces. The differences between the behaviour of Span 60
monolayers at room temperature compared to body temperature were small.
Therefore, Span 60 is the most promising surfactant for further research for
pharmaceutical applications.
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11 INTRODUCTION
The properties of interfaces can be altered in several ways by surface-active
substances. In order to get a maximum benefit out of the use of surfactants in
technological processes a good knowledge of their interfacial behaviour is demanded.
The measurements of surface pressure or interfacial tension are both important means
to gain access into surface properties of molecules. Surface pressure and interfacial
tension techniques have been utilised in determining the molecular interactions in the
presence and absence of different surface-active agents (Corkill et al. 1961, Corkill et
al. 1964, Elworthy and Mysels 1966, Elworthy and Florence 1969, Schott 1969,
Rosen et al. 1982, Dahanayake et al. 1986, Varadaraj et al. 1991, Silvestri et al. 1992,
Nagarajan and Wasan 1993, Liggieri et al. 1995, Yamaguchi et al. 1995, Mollet et al.
1996, Yoon and Burgess 1996, Göbel and Jobbien 1997, Yoon and Burgess 1997).
These measurements have been proved to be useful for example in preformulation
studies on emulsifier films: the stronger the interfacial film, the more stable the
resultant emulsion. However, few interfacial studies on solid-liquid interfaces have
been accomplished.
Langmuir-Blodgett (LB) multilayer films are formed by repeatedly dipping a
substrate into water covered with a monolayer (“Langmuir”) film (Blodgett 1934,
Blodgett 1935). This technique has recently received considerable attention as a
molecular engineering method of creating artificially structured materials. Structure
determinations and techniques to produce more perfect structures are particularly
relevant to studies of these films. LB technique is one way of achieving information
from Langmuir films.
In 1930's Adam (Adam 1930) indicated that the force-area curves of
amphiphatic molecules generally are highly dependent on the chain length of the
apolar part, which determines the van der Waals forces involved. Thereafter, the
impact of polar head group and the acyl chain length on the surface pressure and
molecular area of amphiphatic molecules (e.g. lipids) has been studied intensively
(van Deenen et al. 1962, Chapman et al. 1966, Phillips and Chapman 1968, Johnston
et al. 1984, Tamm and McConnell 1985, Menger et al. 1988, Ali et al. 1998). For
surfactants, the structure of aliphatic chains as well as the polar head groups are
equally crucial in determining their properties and performances at different
2interfaces, such as air-liquid, liquid-liquid and solid-liquid (Ghaïcha et al. 1992).
Changes in surfactant properties due to change in head-group structure have been
thoroughly investigated (Crook et al. 1963, Crook et al. 1964, Phares 1965, Rosen et
al. 1982, Varadaraj et al. 1990, Varadaraj et al. 1991), but the influence of the
hydrophobic chain structure on the interfacial properties of surfactants has been more
open for exploration (Opawale and Burgess 1998).
Despite their wide use, rather few studies have been conducted on sorbitan
esters concerning their interfacial and physico-chemical properties. So far, all the
studies of sorbitan esters concern only few members of the sorbitan ester family
(Criddle and Meader 1955, Phares 1965, Boyd et al. 1972, Wan and Lee 1973, Kon-
No et al. 1974, Wan and Lee 1974a, Wan and Lee 1974b, Kawashima et al. 1992,
Rabiskova et al. 1994, Campanelli and Wang 1997, Opawale and Burgess 1998).
There are no articles on systematic research on the surface and interfacial properties of
sorbitan esters. Nor has the composition of the oil phase been of great interest. In
several studies, quite complicated oil phases, e.g. mineral oil (Takamura et al. 1984,
Ishii et al. 1988, Yoon and Burgess 1996, Yoon and Burgess 1997, Opawale and
Burgess 1998) or only one or few pure hydrocarbons have been used as the oil phase
(Wan and Lee 1973, van Hunsel and Joos 1989, Wormuth and Zushma 1991,
Nagarajan and Wasan 1993, Bonfillon et al. 1994, Liggieri et al. 1995, Ferrari et al.
1997, Göbel and Joppien 1997).
32 THEORY
2.1 Monolayer formation and adsorption
A number of organic amphiphilic water-insoluble substances may, e.g. with the help
of a volatile solvent, be spread on the water-air interface to form a monolayer in order
to decrease the free energy of the system. These monolayers, called Langmuir films,
represent an extreme case of adsorption to interfaces, since all the molecules lay in a
one-molecule-thick layer at the interface. Monolayers, formed by substances soluble
in the bulk liquid, but adsorbed preferentially at the interface, are known as Gibbs
layers.
The mathematical modelling of adsorbed Langmuir films can be made by the
means of adsorption isotherms. When two liquid phases are considered with a planar
interface between them at a constant temperature, pressure and composition, Gibbs
adsorption isotherm, (Equation [1], derived from the Gibbs energy of the system) is
the most reliable function:
Γ = -(1/RT) (dγ/dlnc), [1]
where Γ is the surface excess (number of molecules per surface area), R is the gas
constant, T is the temperature, γ is the surface tension and c is the concentration.
The first attempt to characterise monolayers on an air-water interface was set
by Agnes Pockels (Pockels 1891), when she determined contamination of water
surface as a function of the surface area for different oils. At the end of the nineteenth
century Lord Rayleigh suspected that the maximum extension of an oil film on water
represents a layer thickness of one molecule. In  1913, Henri Devaux studied oil films
on the water surface and showed that the oil formed a continuous monomolecular
layer on the water surface. The research was the basis for the forthcoming surface and
interfacial tension measurements at the liquid-air interface (Langmuir 1917).
Irving Langmuir continued the work of Devaux and developed an instrument,
later known as a Langmuir trough (Figure 1), which could be used in the
measurements concerning the monomolecular layers (Langmuir 1917). The
instrument measures the vertical force induced to the surface layer. In Langmuir’s
instrument there is a trough that is filled with liquid (subphase). On the liquid surface,
4there are two slices of paper. One slice is movable in order to change the area of the
oil layer. The other slice of the paper measures the force caused by the change in the
area.
Figure 1. Langmuir trough. The floating barrier measures the vertical force induced to
the surface layer by the movable barrier (Shaw 1980).
In later surface balance measurements, Langmuir trough with one or two
movable barriers and a Wilhelmy plate (for example platinum or filter paper,
Wilhelmy 1863) has been utilised. In the Wilhelmy plate technique, the vertical force
acting on a plate partially immersed in the subphase is measured. The π/A-isotherm
(Figure 2) is obtained by measuring the surface pressure, π, during the monolayer
compression by decreasing the area of the monolayer, A, with one or two movable
barriers. The π/A-isotherm is found to act as the two-dimensional analogue for the
three-dimensional p/V-isotherm (pressure/volume) of gases. The various phases in
π/A-isotherms resemble the two-dimensional analogues of gases, liquids and solids.
For example, in the condensed phase, the molecular chains are aligned parallel to each
other and the film may be regarded as a compact-floating solid. From the shape of the
isotherm, the nature of the film and its degree of packing may be inferred (Shaw 1980,
Roberts 1984, Florence and Attwood 1998).
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always has excess of free energy. This surface free energy may
sion, γ, by the equation
olecule/Å2
G
6γ = (∂G/∂s)T,p,x , [2]
where G stands for the Gibbs free energy of the system and s for the surface area at a
constant temperature, T, pressure, p, and composition, x. The surface free energy is
lowered, if amphiphilic molecules are deposited on the surface.
Surface tension is the two dimensional counterpart of the pressure in a liquid.
Surface tension expresses the energy per unit area while pressure expresses the energy
per unit volume. The surface tension is created by the need of the system to minimise
its interfacial area. Liquids having larger cohesion energy have smaller surface tension
than liquids with lower cohesion energy. The interfacial tension between two liquids
is the lower the more similar the liquids are in their chemical nature (Miller and Neogi
1985).
Compared to the pure air-water interface, the monolayer on the water surface
lowers the surface tension. This relation is used to determine the lowering of the
surface pressure, π, caused by the presence of the film:
π = γo - γ, [3]
where γo is the surface tension of the pure subphase and γ is the surface tension with
the monolayer present. Surface pressure of a monomolecular layer is the lowering of
the surface tension of the pure liquid induced by the presence of that monomolecular
layer. Surface pressure measurements with Wilhelmy plate are based on this very
equation.
The basis for characterisation of a spread monolayer is the measurement of the
dependence of surface pressure on the mean molecular area per molecule using a
Langmuir film balance. The surface pressure is sensitive to changes in the lateral
interactions, both hydrophobic and polar, in the monolayer and between the polar head
groups and the subphase. π/A isotherms have been used to gain information on e.g.
monolayer miscibility, purity and subphase effects. If the monolayer material is
susceptible to any chemical changes at the air-water interface, such as polymerisation
or hydrolysis, the π/A curve is expected to be affected.
7The attractive van der Waals forces are responsible for the presence of
condensed states in the monolayers. Furthermore, they are proportional to the number
of carbon atoms in the hydrocarbon chain of saturated hydrocarbons. Introduction of
double bonds or bulky substituents, like methyl-groups, into the chain, hinders the
packing of the hydrocarbon chains, and the cohesive forces are greatly reduced. This
is clearly manifested in the π/A isotherms.
Most often, the surface tension and surface pressure measurements have been
carried out at the liquid-air interface, but also liquid-liquid interface has been utilised.
The most widely used methods are du Noüy ring method and Wilhelmy plate on a
Langmuir-trough.
2.2.1 Du Noüy ring method
Du Noüy ring method was developed in 1919 (du Noüy 1919). In this method the
interfacial or surface tension is measured with the aid of the platinum ring pulled
through the interface (Figure 3). When the ring is pulled up through the interface, the
ring is detached from the interface with a force that is correlated to the interfacial
tension. With this method, it is possible to measure the interfacial tension at both
liquid-air and liquid-liquid interfaces. The surface tension measured by du Noüy
method has been utilised in pharmaceutical research, for example, in the measurement
of emulsion stability (Takamura et al. 1984, Ishii et al. 1988).
Figure 3. Du Noüy ring method. Interfacial or surface tension is measured with the aid
of the platinum ring (radius R). The ring is pulled up through the interface with a force
F that is correlated to the interfacial tension. (Shaw 1980).
82.2.2 Wilhelmy plate
Wilhelmy plate measures the force, with which the interface pulls the plate down
(Wilhelmy 1863). It measures directly the surface pressure: the difference in surface
tension between the pure liquid and the monomolecular layer (Eq. 3, Harkins and
Anderson 1937). The contact angle between the interface and the plate is
approximated to be zero. This is, however, not always the case and this may cause
erroneous results. Usually, the contact angle is zero just before pulling the plate from
the interface (Barrow and Hills 1979, Yoon and Burgess 1992).
Most widely used Wilhelmy plates are made from platinum (used with
aqueous subphases), but also from other materials, such as glass and filter paper have
been used (Wilhelmy 1863, Rana et al. 1993, Stine et al. 1994).
Originally Ludwig Wilhelmy measured the surface pressure by pulling the
plate out of the interface. Later, it has been used in measurements, where the
molecular area and surface pressure are measured as a function of time. In
pharmaceutical sciences, for example, the properties of lipid films and the mutual
interactions between lipids and proteins have been measured by the Wilhelmy method
(Camejo et al. 1968, Ibdah and Phillips 1988, Keough et al. 1988).
2.3 Langmuir-Blodgett technique
The Langmuir-Blodgett (LB) method for transferring Langmuir monolayers to solid
substrates was first described in 1920 by Irving Langmuir and was further developed
by Katherine Blodgett (Blodgett 1934, Blodgett 1935). Eighty years later, this
technique still attracts scientific attention because of the potential for producing
molecularly engineered organic thin film devices, and because of the several facts
behind this technique still unknown.
Very few naturally occurring materials are suitable for making LB films. They
must combine several properties: organic solubility, stability at the surface of the
subphase, suitable orientation and compaction, shear resistance and cohesion.
Adhesion between the first monolayer and the substrate, and between the subsequent
monolayers, is often also of crucial importance. A monolayer of water-insoluble
substrate may form, if the work of adhesion between the polar head groups of the
substrate and water molecules exceeds the work of cohesion of the substrate (Roberts
91984). The hydrophobic part of the amphiphilic molecule usually consists of one or
two straight hydrocarbon chains, which should have at least 12 carbon atoms to have
the ability to form a monolayer at the air-water interface (Viitala 1999).
In biosciences the interest in LB technique has increased, because living cells
are built up of several same materials as LB films (fatty acids, phospholipids and
proteins). Furthermore, excellent potential exists for the development of compatible
interfaces between conventional materials and biomaterials to create biosensors or
biochemical probes. The n-alkane-water monolayer at a comparable area per molecule
ratio is the closest analogy to the lipid bilayer (Gruen and Wolfe 1982).
During the LB monolayer deposition the surface pressure is held constant and
the surface pressure should be high enough to ensure sufficient cohesion between the
adjacent molecules in the monolayer. Compared with the more recent self-assembled
monolayers, the technique has certain unique advantages: the precise control of the
monolayer thickness, homogeneous deposition of the monolayer over large areas, and
the possibility to make multilayer structures with varying layer composition (Viitala
1999). Moreover, the technique may be used to deposit mono- or multilayers on
almost any kind of solid substrate, while the self-assembly technique is only
applicable for a few solid substrates.
Depending on the hydrophilic or hydrophobic nature of the substrate, the first
monolayer will be transferred during the upstroke (hydrophilic substrate) or during the
downstroke (hydrophobic substrate). The quality of the LB monolayer may be
controlled by the transfer ratio tr, which is a numerical value describing the quality of
the monolayer:
tr = Am/As, [4]
where Am is the decrease in monolayer area during a deposition stroke; As is the area
of the substrate. For ideal transfer, tr equals 1. If tr is larger than 1, there are holes in
the deposited layer; if tr is smaller than 1, the monolayer structure is reorganised.
As early as in 1935, Blodgett showed that the presence of monolayers on a
solid substrate could be evidenced by the use of polarised light microscope (Blodgett
1935, Blodgett and Langmuir 1937), although this was forgotten for many years. At
the moment, among others, ellipsometric techniques have been used to determine the
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thicknesses of the deposited mono- and multilayers (Knoll et al. 1983, Smith et al.
1987, Duvault et al. 1990, Mate and Novotny 1991, Vandenberg et al. 1991, Weibing
et al. 1999). X-ray diffractometric methods have been utilised to analyse the crystal
orientation in the multilayers (Srivastava and Verma 1966, Levine et al. 1968, Green
et al. 1973, Matsuda et al. 1977, Pomerantz and Segmüller 1980, Prakash et al. 1984,
Peng et al. 1987, Fischetti et al. 1988). Also AFM technique has been utilised in
monolayer studies (Peltonen et al. 1992, Mikrut et al. 1993, Schwartz et al. 1993a,
Schwartz et al. 1993b, Sato et al. 1994). Today, the organic crystals or ordered
molecular films, such as LB films, may be imaged even at a molecular resolution
(Radmacher et al. 1992).
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3 THE AIMS OF THIS STUDY
The primary aims of this study were:
1. To determine the effect of the structure of the sorbitan monoesters on
the interfacial packing behaviour and on the film stability at liquid-air,
liquid-liquid and solid-air interfaces, and the effect of temperature on
both the bulk properties and monolayer films of the sorbitan
monoesters at water-air interface, and
2. To determine the effect of the hydrocarbon chain length of the oil-
phase hydrocarbon on the interfacial packing behaviour and
micellisation and adsorption energetics at water-oil interface in the
presence of surfactants.
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4 EXPERIMENTAL
4.1 Materials (I-IV)
The surface-active agents Span 20, sorbitan monolaurate, Span 40, sorbitan
monopalmitate, Span 60, sorbitan monostearate, and Span 80, sorbitan monooleate
(Figure 4) were all purchased from Fluka Chemie AG, Switzerland. Hexane (n-
hexane, purity ≥99 %, Fluka Chemie AG, Switzerland) was used as a spreading agent
in surface pressure measurements, and also as the oil phase at oil-air and water-oil
measurements. N-pentane, n-heptane, n-octane, n-nonane, n-decane and n-dodecane
(all gas chromatographic grades from Fluka Chemie AG, Switzerland) were used as
an oil-phase in water-oil measurements. The water used was ultrapure Millipore®
water. Cleaning solutions for silicon wafers, NH4OH and HCl, were from Riedel-de
Haën, Germany, and H2O2 from Fluka Chemie AG, Switzerland. The silicon wafers
(100) were from Okmetic Ltd., Finland.
Figure 4. The structure of sorbitan monoesters. R is –OOC(C11H23) for Span 20, –
OOC(C15H31) for Span 40, –OOC(C17H35) for Span 60, and –OOC(C17H33) for Span
80.
4.2 Methods
4.2.1 Surface pressure (I, II)
The surface pressure was measured as a function of molecular area by a computer-
controlled Langmuir-Blodgett instrument (KSV Minitrough, KSV, Finland). The
measurement itself was made by the Wilhelmy plate method. All the surface
pressure/molecular area measurements were carried out at water-air interface.
An ethanol-n-hexane mixture (1:9 v/v), where surface-active agents were
dissolved, was used as a spreading solution. The measurement was started 10 min
after the film deposition. All the measurements were carried out at least 3 times, and
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the results were calculated as an average of these measurements. With all the sorbitan
monoesters, the standard deviation in surface pressure measurements was less than 0.5
mN/m. The measurement rate (rate of the barriers) was 2 mm/min (=2 mm2/s).
Before the film balance experiments with the chosen surface-active agents, the
technique was checked against a pressure area isotherm found in the literature: stearic
acid (Cook and Ries 1956). Throughout this work, the validity of the technique was
occasionally checked with this standard. The stability of the Span monolayers at
water-air interface was tested after 4 h delay following film deposition before starting
the measurements. Only small shift to the left was seen in these π/A isotherms
compared with the π/A isotherms made after 10 min delay, indicating good stability of
these monolayers. The measured temperature range was form 22°C to 42°C. The
temperature fluctuation was within the limits of  ±0.5°C.
4.2.2 Interfacial tension (I, III)
The interfacial tension was measured with a du Noüy tensiometer (KSV Sigma 70,
KSV, Finland) that operates with a platinum ring. Firstly, the interfacial tension of a
surface-active agent in n-hexane against air was measured. Five measurements were
made at 5-min intervals from the same sample and the average ± standard deviation
was calculated.
Secondly, the interfacial tension of n-pentane, n-hexane, n-heptane, n-octane,
n-nonane, n-decane and n-dodecane against water was measured with the surface-
active agents dissolved in the alkane phase. Water was settled as a lower phase, and
the surface-active agent-alkane solution was gently poured onto the water phase. The
system was not stirred to avoid emulsification. The phases were allowed to stabilise
for 30 min before the measurement (the surface-active agent in the alkane phase), and
five different measurements were carried out. The instrument was calibrated against
Millipore® water, n-hexane and water-n-hexane interfacial tension values. All the
interfacial tension measurements were performed at room temperature (22±0.5°C).
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4.2.3 Langmuir-Blodgett monolayers (IV)
Monolayers were made by Langmuir-Blodgett technique on a silicon wafer surface
(Blodgett and Langmuir 1937). Silicon wafers were RCA cleaned before dipping
(Kern and Puotinen 1970, Mishima et al. 1989, Itano et al. 1992, Miyashita et al.
1992, Ohmi et al. 1992). First, SC1 solution (mixing ratio
NH4OH(25%):H2O2(30%):H2O ~ 0.05:1:5) at 80°C for 10 min, and rinsing with
running deionized water for 10 min. Immediately after that, SC2 solution (mixing
ratio HCl(37%):H2O2(30%):H2O ~ 0.05:1:5) at 80°C for 10 min, and finally rinsing
with running deionized water for 10 min.
LB dipping was carried out by a computer controlled dipping system (KSV
Minitrough, KSV, Finland) with a constant dipping speed (2 mm/min). All the
monolayer formations were attached during the upstroke. During the dipping, the
transfer ratio was controlled in order to ensure the successful monolayer formation.
All the LB dippings were performed at room temperature.
4.2.4 Ellipsometry (IV)
The monolayer thicknesses were estimated by an ellipsometer (Plasmos SD2300,
PlasmosGmbH Prozesstechnik, Germany), equipped with a He—Ne laser at an
incident angle of 45°. All the ellipsometry measurements were carried out for 10
times, and a mean value ± standard deviations were calculated. Silicon (100) was as a
substrate. Silicon wafers were 2 cm x 2.5 cm in size and the dipped area
approximately 2 cm x 2 cm, in order to avoid the differences caused by the uneven
monolayer formation during the dipping near the corners of the plate. All the
ellipsometry measurements were made at room temperature.
4.2.5 XRD (IV)
X-ray diffraction patterns of the bulk surfactants were measured using an x-ray
diffraction (XRD) theta-theta diffractometer (Bruker axs, Germany). The XRD
experiments were performed in symmetrical reflection mode with CuKα radiation
(1.54 Å) using Göbel Mirror bent gradient multilayer optics. The scattered intensities
were measured with a scintillation counter. The angular range was from 2° to 60° with
the steps of 0.06° and the measuring time was 1 s/step. The instrumental broadening
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(0.03°) was estimated from a reflection of silicon. The samples were measured at
different temperatures from 2°C to 57°C.
4.2.6 DSC (IV)
DSC measurements (DSC 910S, TA Instruments Inc., New Castle, DE, United States)
were carried out at a temperature range from 22°C to 60°C. A 2.5 – 5 mg sample of
each of the surfactant was measured. The heating rate was 5°C/min. Before the
measurements, the DSC was calibrated using an indium standard. All the surfactants
measurements were made three times.
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5 RESULTS AND DISCUSSION
5.1 Water-air interface (I, II)
Monolayer compressibilities and surface compressional moduli were calculated from
π/A data according to the following equation (Davies and Rideal 1961, Behroozi
1996):
Cs = (-1/A)(dA/dπ), [5]
where A is the area per molecule at the indicated surface pressure π. The data is
expressed in terms of the reciprocal value of isothermal compressibility, Cs, surface
compressional moduli (Cs-1). The drop in the Cs-1 values upon entering the transition
region reflects the discontinuities in lateral packing that are known to occur when
liquid-expanded and liquid-condensed phases coexist (Smaby et al. 1996, Ali et al.
1998). The Cs-1 value of liquid expanded monolayer is approximately between 12.5-50
mN/m and of liquid condensed phase 100-250 mN/m, respectively (Davies and Rideal
1961).
5.1.1 Monolayer compressibility (II)
When comparing the monolayer types of sorbitan monoesters of C18 chain length
(Figure 5), the unsaturated Span 80 is more expanded than the saturated Span 60. Also
the shortening of the hydrocarbon chain gives as a result more expanded films for
Span 20 (12 carbons) and Span 40 (16 carbons). Span 60 and Span 40 films were of
liquid-condensed type (Cs-1 about 300 mN/m) at small molecular areas and liquid-
expanded at larger molecular areas, while Span 20 was liquid-expanded throughout
the whole compression cycle (Cs-1 under 50 mN/m). The same kind of behaviour has
been recorded for lipid films as a function of the alkyl chain structure (Bonev and
Morrow 1996). The unusual properties of Span 20 probably reflect a different balance
between the interactions in the headgroup and hydrophilic regions of the monolayer,
as compared to longer chain homologues (van Deenen et al. 1962, Phillips and
Chapman 1968, Bonev and Morrow 1996). The properties of fatty acid derivatives
adsorbed at the interfaces depend partly on lateral interactions between adjacent fatty
acid chains, chain-chain interactions. Another type of interaction in water-air interface
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is the chain-water interaction. However, water as a subphase is a poor solvent for the
aliphatic chains and, hence, this favours chain-chain interaction. In general, the shorter
the chain length or the more unsaturated the chain, the less is the extent of chain-chain
interaction. Increase in chain length promotes the tendency toward condensed
monolayer formation and chain-chain interactions predominate for saturated fatty
acids (Boyd et al. 1972, Gershfeld 1976, Rakshit et al. 1981, Bonev and Morrow
1996, Yoon and Burgess 1997, Opawale and Burgess 1998).
Figure 5. The compressibilities of Span 20, Span 40, Span 60 and Span 80 at a
temperature range 22°C-42°C. Note the different scaling of the axes.
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The expanded nature of the unsaturated Span 80 is due to the dominant bent
conformation imposed by the double bond of the oleic acid chain in Span 80 (steric
expansion). For pure oleic acid films there seems to be an apparent double bond-
double bond -repulsion caused by the unfavourable stereochemistry (steric hindrance)
(Schneider et al. 1949, Feher et al. 1977, Rakshit et al. 1981, Menger et al. 1988). The
double bond also forms another polar centre, and this partly causes the film to be of
the expanded type, since considerable film pressure is needed to overcome the
attraction of the second polar centre and to allow vertical orientation of the chain
(Adamson 1960, Feher et al. 1977).
Shortening of the hydrocarbon chain (Figure 6) lowered the collapse pressure
of saturated sorbitan monoesters. This lowering was more obvious between 12 (Span
20) and 16 (Span 40) carbon atoms than between 16 and 18 (Span 60) carbon atoms.
And the collapse pressure could be determined more markedly with Span 40 and 60,
while with Span 20 and 80 the collapse point was not so evident. The increase of
surface pressure with increasing length of alkyl chain indicates that the surface
activity of the compounds is primarily derived from the alkyl group. In a monolayer,
sorbitan monoester molecules are oriented so that each hydrocarbon chain lies on the
oil side of the interface and each sorbitan ring lies on the aqueous phase (Boyd et al.
1972). The significant increment in collapse pressure between Span 20 and Span 40
suggests that lengthening of the hydrocarbon chain from 12 to 16 carbon atoms
dominate the molecular properties in this region. It has been earlier observed that
emulsifier molecules cannot be associated readily unless the hydrocarbon chains
contain at least 8 carbon atoms (Boyd et al. 1972). With 12 carbon atoms (Span 20)
the polarity, caused by the shorter fatty acid chain length, has been reported to result
in aqueous phase solubilisation, which apparently hinders interfacial molecular
interactions (Opawale and Burgess 1998).
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Figure 6. The surface pressure-molecular area curves of Span 20, Span 40, Span 60
and Span 80 at a temperature range of 22-42°C.
When the surface pressure/molecular area curves of Span 60 (saturated) and 80
(unsaturated) are compared, the molecular area of Span 80 is larger than that of Span
60. With Span 80, there is a discontinuity point at approximately 33 Å
2
 and 23 mN/m.
Surface areas above this discontinuity point are larger with Span 80 than with Span
60. When stearic and oleic acids (Span 60 is a sorbitan ester of stearic acid and Span
80 a sorbitan ester of oleic acid) are compared, the surface pressure-molecular area
curves behave in the same way, the molecular area of stearic acid being smaller at the
same surface pressure as compared with that of oleic acid (Feher et al. 1977). Also the
collapse pressure was lowered in the presence of the double bond. The molecular area
increased when increasing alkyl chain length, in accordance to other fatty acid
derivatives (Marcelja 1974, Ghaïcha et al. 1992).
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5.1.2 Effect of temperature (II)
As the temperature was increased from 22°C to 42°C the collapse pressure of all the
surfactants was lowered (Figure 6). The films were more expanded as the temperature
was increased and the film stability was decreased, which has also been seen for other
fatty acid derivatives (Adamson 1960, Chapman et al. 1966, Phillips and Chapman
1968). This is probably caused by the weakened chain-chain interaction.
The value of Cs-1 of all the surfactants studied was decreased as the
temperature was increased. This means that the π/A curves were more expanded as the
temperature was increased. With Span 20 and Span 80 the Cs-1 was lower than with
the Span 40 and 60. Also the temperature effect on Cs-1 was greatest for Span 40 and
Span 60, while with Span 20 and Span 80 there were not so pronounced changes.
When the temperature was increased from 22°C to 27°C with Span 40 and
Span 60, two distinctive discontinuity points (drops in the value of Cs-1) could be
discerned. These discontinuity points reflect the changes in lateral packing when
changing from liquid expanded to liquid condensed phase (Ali et al. 1998). When the
temperature was increased further to 42°C, these two discontinuity points disappeared
from Span 40, but not from Span 60. There were no such changes with Span 20 and
Span 80.
The effect of temperature on Span 40 and 60 depended on the stage of the
compression. In the beginning (large molecular areas) the area per molecule was
increased as the temperature increased. This would be expected from the increased
thermal agitation of the molecules in the surface film (Rosen et al. 1982). However,
when the compression continued, the surface pressure was lowered as compared to the
same molecular areas. The same kind of behaviour has been seen for
phosphatidylcholines with alkylsubstituents of similar chain length (Tchoreloff et al.
1991).
5.1.3 Hysteresis (I)
All the sorbitan monoesters showed hysteresis effects as the monolayers were
subjected to compression-expansion cycles (Figure 7). Between each consequent
compression-expansion cycle there was a shift to the left. This means that material is
lost from the surface during compression. However, this material is not respread on
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the surface during the expansion. The loss of material is probably due to the fact that
sorbitan monoesters, although practically insoluble in water, are dispersible to the
water phase during the compression process.
Figure 7. The hysteresis of Span 20, Span 40, Span 60, and Span 80. The numerals are
the numbers of the compression-expansion cycle.
In the beginning of the expansion, the surface pressure decreases markedly
with all the sorbitan monoesters, with Span 20 close to 0 mN/m. The collapse pressure
of Span 40 and 60 and the discontinuity point of Span 20 did not fall as the hysteresis
advanced. With Span 80 the shape of the curve altered, and the lowering of the surface
pressure was more obvious as the hysteresis advanced. This is partly caused by the
great excess of Span 80 injected to the interface; in order to have a hysteresis in the
same molecular area for all the sorbitan monoesters. Thus, throughout the first
compression, the surface pressure stayed above the discontinuity point.
One reason for the strong lowering of surface pressure in the beginning of
expansion may be the molecular orientation, e.g., flipping of hydrocarbon tails from a
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horizontal to a vertical position. Relaxation may also be partly due to the
redistribution of unequally distributed molecules resulting from the disturbing effects
of compression (Munden et al. 1969).
The area of hysteresis decreased markedly between the successive
compression curves, the difference between the first and the second cycle being the
greatest. A similar behaviour has been reported previously with dipalmitoyl lecithin
(Galdston and Shah 1967) and stearic acid (Munden et al. 1969).
5.2 Oil-air interface (I)
All the sorbitan monoesters were soluble in n-hexane, by slight warming for Span 40
and Span 60, and, thus, the critical micelle concentration, cmc, could not be
determined. Sorbitan monoesters had no effect on the interfacial tension of n-hexane
against air. A similar behaviour was seen in earlier studies with mineral oil (Opawale
and Burgess 1998). The surface tension of mineral oil against air did not change with
the addition of the Spans. This phenomenon is due to the fact that in the absence of a
hydrophilic phase, there is no driving force for interfacial adsorption and multilayer
formation.
5.3 Water-oil interface (I, III)
From the results of the interfacial tension measurements at the water-n-hexane interface,
the surface excess, Γ, was calculated by means of the Gibbs’ adsorption isotherm
(Equation [1]).
From the surface excess, the area per molecule just below the cmc, Acmc, was
calculated according to equation:
Acmc = 1/ΓN, [6]
where N is Avogadro’s number.
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Figure 8. The interfacial tension (mN/m) vs. concentration (mol/l) of sorbitan
monoesters at water-n-heptane interface.
Figure 8 shows example plots of the interfacial tension, γ, of the Spans at water-n-
heptane interface vs. their bulk phase concentrations (mol/dm3) in n-heptane. Figure 9
illustrates the effect of the oil phase on the interfacial tension of sorbitan
monopalmitate (Span 40). Cmc-values of the Spans in oil in the presence of a water
phase were determined from the concentration at the point of intersection of the two
linear portions of the γ/log c plots. Surface pressure at cmc, πcmc, in mN/m was
obtained from that same intersection point using the Equation [3].
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Figure 9. The interfacial tension (mN/m) of sorbitan monopalmitate (Span 40) at
different water-n-alkane interfaces.
Standard free energy of micellization, ∆G°mic (Kon-No et al. 1974, Rosen et
al. 1982), and standard free energy of adsorption, ∆G°ad, were calculated according to
the Clausius-Clapeyron equation:
∆G°mic  = R T ln cmc, [7]
and
∆G°ad  = R T ln cmc - πcmc Acmc. [8]
From equations 7 and 8 it follows:
∆G°mic - ∆G°ad  =  πcmc Acmc. [9]
Equation [9] expresses the work involved in transferring the surfactant
molecule from a monolayer to the micelle at zero pressure.
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5.3.1 Cmc; interfacial tension, surface pressure and area per molecule at cmc
(I, III)
The calculated values for cmc, γcmc, πcmc and Acmc are presented in Table I. When the
interfacial tension vs. log c results were plotted, these of Span 20 and Span 80 differed
markedly from the others, Span 20 even more. Span 20 has a larger cmc value than the
others do. The cmc value increased slightly when the length of the hydrocarbon chain
decreased and the hydrophilic nature of the surfactant increased, as has been observed
for other type of surfactants earlier (Crook et al. 1963, Elworthy and Florence 1969,
Herrmann 1974, Rosen et al. 1982, Murphy et al. 1990, Varadaraj et al. 1991). The
double bond in the Span 80 hydrocarbon chain also increased the hydrophilic nature
of surfactant, which can be noticed from the increased cmc value. As in the case of
sodium dodecyl sulfate, the cmc was slightly increased by the molecular weight of the
n-alkane in the oil phase (Rehfeld 1967).
Table 1. cmc (mol/l), γcmc (mN/m), πcmc (mN/m) and Acmc (Å2)values at the different
oil phases for sorbitan monoesters.
Pentane Hexane Heptane Octane Nonane Decane Dodecane
Span 20
cmc/10-5 mol/l 2.4 2.1 2.1 2.4 2.4 2.3 2.3
γcmc/mN/m 14.4 19.2 19.6 20.2 20.3 21.3 22.4
πcmc/mN/m 34.0 31.6 31.6 31.5 31.6 31.0 30.5
Acmc/Å
2 40 40 35 35 32 30 30
Span 40
cmc/10-5 mol/l 1.6 1.7 1.7 1.8 1.9 1.8 1.9
γcmc/mN/m 14.4 18.8 19.1 19.7 19.8 20.6 22.1
πcmc/mN/m 34.0 32.0 32.1 32.0 32.2 31.7 30.8
Acmc/Å
2 41 37 33 29 29 30 29
Span 60
cmc/10-5 mol/l 1.6 1.7 1.7 1.8 1.8 1.8 1.9
γcmc/mN/m 14.4 18.9 19.3 19.8 20.1 21.2 22.4
πcmc/mN/m 34.0 31.9 31.9 31.9 31.9 31.2 30.5
Acmc/Å
2 38 38 33 31 28 27 30
Span 80
cmc/10-5 mol/l 1.8 1.7 1.8 1.9 1.9 1.8 1.9
γcmc/mN/m 14.4 19.3 19.6 20.2 21.0 21.8 22.4
πcmc/mN/m 34.0 31.5 31.6 31.5 31.0 30.5 30.5
Acmc/Å
2 46 46 37 35 36 35 37
In the same oil phase the differences between γcmc values of the four sorbitan
monoesters were insignificant. The higher degree of hydrophilicity (shorter
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hydrocarbon chain in Span 20 and double bond in Span 80) increased slightly the γcmc
values as has been observed earlier also for ethyloxide surfactants (Elworthy and
Florence 1969).
The area per molecule was the smallest for Span 40 and Span 60. This was
caused by the better arrangement ability of the longer hydrocarbon chains. The shorter
hydrocarbon chain in Span 20 and the double bond in Span 80 caused the larger
molecular areas. As the chain length of the hydrocarbon at the oil phase was
increased, the molecular areas were decreased for all the detected sorbitan surfactants.
This minimum molecular area reflects the extent to which the hydrocarbon phase is
inserted between the hydrophobic tails of the surfactant. The shorter alkyl chains tend
to easily intercalate with or penetrate to the hydrophobic alkyl chains of the surfactant
molecules, and this causes the increased molecular areas (Johnston et al. 1984,
Murphy and Rosen 1988, Rosen et al. 1988). The molecular areas of Spans at the
water-oil interface were also larger than those at the water-air interface.
The effect of the oil phase composition was obvious: the longer the alkyl
chains in the oil phase the higher the corresponding γcmc value. The same kind of
behaviour has been observed earlier with other surfactants (Rosen and Murphy 1991,
Cai et al. 1996). πcmc was lowered as the hydrocarbon chain length of the oil phase
was increased and as the hydrophobicity of the surfactant was increased. However, the
total differences, especially from C6 to C9, in πcmc were quite insignificant.
5.3.2 Standard free energy of micellisation and adsorption (III)
The free energy values are collected in Table 2. For all the sorbitan monoesters the
differences in ∆G°mic value were not detectable as the molecular weight of the oil
phase n-alkane was increased. ∆G°mic was the lowest for Span 20, but Span 40, Span
60, and Span 80 did not differ much from each other. The similarities in these free
energy of micellisation values means that the double bond in an unbranched
hydrocarbon chain (Span 80) had not significant steric effect. The shortness of the
hydrocarbon chain (Span 20) seemed to be more dominating.
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Table 2. The free energy values (∆G°ad, ∆G°mic and ∆G°mic - ∆G°ad (kJ/mol)) for
sorbitan monoesters at different oil phases.
Pentane Hexane Heptane Octane Nonane Decane Dodecane
Span 20
∆Goad/kJ/mol -40 -39 -38 -37 -36 -36 -35
∆Gomic/kJ/mol -26 -26 -26 -26 -26 -26 -26
∆Gomic - ∆Goad/kJ/mol  14  13  12  11  10  10   9
Span 40
∆Goad/kJ/mol -41 -39 -38 -36 -36 -36 -36
∆Gomic/kJ/mol -27 -27 -27 -27 -27 -27 -27
∆Gomic - ∆Goad/kJ/mol  14  12  11   9   9   9   9
Span 60
∆Goad/kJ/mol -40 -39 -37 -37 -36 -35 -36
∆Gomic/kJ/mol -27 -27 -27 -27 -27 -27 -27
∆Gomic - ∆Goad/kJ/mol  13  12  10  10   9   8   9
Span 80
∆Goad/kJ/mol -42 -41 -39 -38 -38 -36 -38
∆Gomic/kJ/mol -27 -27 -27 -27 -27 -27 -27
∆Gomic - ∆Goad/kJ/mol  15  14  12  11  11   9  11
The effect of the length of the oil phase hydrocarbon chain was more obvious
in ∆G°ad values. ∆G°ad became less negative as the length of the oil phase
hydrocarbon chain was increased from pentane to dodecane, indicating a less
spontaneous adsorption of the surfactant at the interface. ∆G°ad value was slightly
more negative for Span 80 than for the other sorbitan surfactants. The ∆Goad - ∆Gomic
became again less negative when the molecular weight of the oil phase n-alkane was
increased. This describes the more hindered micelle formation of the adsorbed
surfactant molecules.
5.4 Ellipsometry (IV)
The measured monolayer thickness values for sorbitan monoesters are presented in
Table 3. The difference in thickness of Span 40 (sorbitan ester of palmitic acid, C16)
and Span 60 (sorbitan ester of stearic acid, C18) monolayers is approximately the same
(2 Å) as the thickness difference between a monolayer of palmitic acid and stearic
acid (Garnaes et al. 1993), indicating a similar packing behavior of the hydrocarbon
chains. The shorter hydrocarbon chains in Span 20 obviously tended to more bent in a
monolayer meaning a thinner monolayer. Also the double bond in the hydrocarbon
chain of Span 80 was affected, and the chain was not as straight. The thickness
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difference between Span 80 (18 carbons, 1 double bond) and Span 60 (18 carbons, no
double bond) was 11 Å.
Table 3. The monolayer thicknesses of sorbitan monoesters at room temperature on
silicon (100) wafer measured by an ellipsometer.
Sorbitan monoester Span 20 Span 40 Span 60 Span 80
Monolayer thickness/Å 28±2 39±1 41±1 28±1
Compared to the theoretical length of the Span 40 and Span 60 molecules, the
monolayer thickness of Span 40 and Span 60 indicated that these molecules are
probably tightly packed so that the sorbitan rings of these molecules are not strictly
situated in one plane but molecules rather slightly overlap each other.
5.5 XRD and DSC (IV)
Figure 10 presents the measured XRD diffraction patterns of sorbitan monoesters at
different temperatures. At a temperature of 2°C the diffraction pattern of Span 20
included one strong reflection, corresponding to a Bragg distance of 4.10 Å, and a
diffuse maxima, corresponding to a Bragg distance of 4.55 Å. The strong reflection
indicates the crystalline part, and the diffuce maxima the amorphous part in the
sample. Heating increased the distance of the lattice planes. The strong reflection peak
decreased and the amorphous component increased as a function of the temperature,
and Span 20 was totally amorphous from 17°C to higher temperatures.
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Figure 10. XRD patterns of Span 20, Span 40, Span 60, and Span 80 at different
temperatures.
The crystallinity was estimated by fitting a linear combination of the
intensities of the crystalline and amorphous components to the diffraction patterns of
the samples (Table 4). The intensity curve of the sample, which was transformed to a
entirely amorphous form, was used as the amorphous background, and the intensity
curve, where the amorphous background was subtracted, was used as the crystalline
model intensity curve. The crystallinity of the samples was estimated as the ratio of
the integrals of the intensities of the crystalline part and the studied sample. The
crystallinity of Span 20 was 26 % at 2°C and decreased as a function of temperature
so that it was only 6 % at 12°C.
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Table 4. Temperatures (T), crystallinities (cr), and distances of lattice planes (d)
calculated from the strong reflection of XRD diffraction patterns of the surfactants.
Span  20 Span 40 Span 60 Span 80
T/°C d/Å cr/% d/Å cr/% d/Å cr/% d/Å cr/%
2 4.14 26 4.10 75 4.10 88 0
7 4.15 21 4.11 75 4.11 87 0
12 4.16 6 4.11 75 4.11 87 0
17 0 4.12 75 4.11 87 0
22 0 4.13 71 4.12 87 0
27 0 4.15 66 4.14 87 0
32 0 4.16 54 4.15 87 0
37 0 4.17 40 4.16 85 0
42 0 4.19 0 4.18 60 0
47 0 0 4.19 58 0
52 0 0 4.20 27 0
57 0 0 0 0
The diffraction pattern of Span 40 included two weak reflections and one very
strong reflection at 2°C and up to 27°C (Figure 10). The weak reflections of the
diffraction pattern of Span 40 shifted to larger scattering angles at heating, but the
strong reflection of the diffraction pattern of Span 40 shifted to smaller scattering
angles after heating, indicating that the heating had changed the distances of the lattice
planes. The strong reflection of the diffraction pattern of Span 40 at 2°C corresponded
to the Bragg distance of 4.10 Å. The reflection moved to smaller scattering angles as a
function of heating so that the Bragg distance of the reflection was about 4.19 Å at
42°C. The first weak reflection disappeared at 32°C, and the second weak reflection
disappeared at 42°C. As the temperature was 47°C or higher Span 40 consisted of
only the amorphous component. The crystallinity of Span 40 was about 75 % between
2°C and 22°C. The heating decreased the crystallinity as a function of temperature so
that it was 0 % at 47°C.
The diffraction pattern of Span 60 included one strong reflection
corresponding to the Bragg distance of 4.10 Å (Figure 10). The reflection of the
diffraction pattern of Span 60 shifted slightly to smaller scattering angles at 7°C, but
stayed in the same position up to 17°C. This means that the distance of the lattice
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planes did not change much. However, the reflection shifted to even smaller scattering
angles at higher temperatures, and the heating increased the distance of the lattice
planes. The Bragg distances of Span 60 were smaller than in the case of Span 20 and
Span 40, which means that Span 60 is more tightly packed than the previous
surfactants.
Span 60 was also more crystalline than the other samples studied. The
crystallinity of Span 60 was very high, about 88 % at 2°C. The crystallinity decreased
a little at 7°C and remained in the same value up to 32°C. The crystallinity of Span 60
started to decrease at 37°C and decreased as a function of the temperature.
Nevertheless, the crystallinity of Span 60 was still 27 % at 52°C. The structure of
Span 60 seems to be very stabile and strongly packed.
The diffraction pattern of Span 80 included only an amorphous component,
and it was the same at all the temperatures studied (2°C-57°C).
At DSC analysis Span 20 and Span 80 did not show any peaks at the
temperature range form 22°C to 60°C. With Span 40 there was an endothermic peak
at 45.2°C (the melting point of Span 40), and with Span 60 at 54.1°C (the melting
point of Span 60). There were no phase transitions (other than melting points) in the
temperature range analysed.
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CONCLUSIONS
Based on the studies:
1. The lengthening of the hydrocarbon chain of the sorbitan surfactant
caused most stabile and condensed monolayers. The presence of
double bond expanded the monolayers as compared to the
corresponding hydrocarbon chain without the double bond. Also the
increase in temperature caused more expanded monolayers.
2. The effects of the oil-phase hydrocarbon are summarised as follows: as
the chain length of the hydrocarbon oil phase was increased, the
molecular area was decreased, the interfacial tension increased, the
surface pressure at cmc was lowered, the free energy of adsorption
became less negative (meaning less spontaneous adsorption), and the
formation of micelles from the adsorbed surfactant molecules was
more hindered.
The length of the hydrocarbon chain and the double bond had clear effects on the
interfacial properties of the sorbitan monoesters. The most promising surfactant
according to this study for further research work is Span 60: Span 60 monolayer was
the most stabile and condensed in both the room and body temperatures in all the
studied interfaces.
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